The taxonomic diversity and antibiotic resistance among freshwater bacterial communities in the major water bodies of Korea was examined using 437 penicillin-resistant, and 110 tetracyclineresistant bacterial isolates. Based on 16S rRNA gene sequence analysis, most isolates were assigned to Proteobacteria, which was then followed by Bacteroidetes. Strains of Aeromonas were found as the most abundant penicillin-resistant populations, whereas those affiliated to diverse species including enteric groups were found as the most abundant tetracycline-resistant populations. Most strains exhibited multiple antibiotic resistance, and all tested strains were resistant to penicillin and hygromycin. High levels of resistance were observed for antibiotics acting on cell wall synthesis, whereas low levels were for those acting on DNA replication or transcription in general. It is apparent from this study that penicillin resistance is widespread among environmental bacteria, although the antibiotic has been generally non-detectable in the environment. It is also likely from the taxonomic composition of the resistant communities that various sources including terrestrial animals and humans may contribute to antibiotic resistance in the freshwater environment.
INTRODUCTION
Since the first use of antibiotics in the 1940s, a huge number of antibiotics have been discovered and many of them have been mass produced for pharmaceutical and agricultural purposes. This study primarily focuses on the concentration and taxonomic diversity of antibiotic resistant bacteria using a culture-based approach and also the resistance potentials to various antibiotics in the natural freshwater environment of Korea. Two antibiotics, penicillin and tetracycline, were employed for the detection and isolation of resistant bacteria. For the representative isolates, resistance to multiple antibiotics were tested and compared to examine natural antibiotic resistance among the aquatic freshwater community.
MATERIALS AND METHODS

Samplings
Water samples were collected at 2 month intervals from April to October in 2012. Samples were taken from the surface water at two sites from each of the major inland water bodies of Korea, namely the Keum River (GPS N36.4706/E127.4690, N36.4586/E127.4018), Nakdong River (N36.1126/E128.3982, N36.0502/E128.2341), Lake Soyang and Juam Reservoir (N34.5856/E127.1308, N34. 5950/E127.0806), respectively. The water bodies are the major sources of drinking water for each region, and the sampling sites were located in the upstream regions of each water body so as to minimize effects of anthropogenic activities. The water samples were kept at 4 W C and transported to the laboratory for immediate analysis. 
Determination of viable counts and isolation of bacteria
RESULTS
Viable counts of antibiotic resistance bacteria
The viable counts of penicillin-resistant bacteria in four water bodies over four sampling times were in the range of 27 ± 11 and 3.3 ± 2.8 × 10 4 CFU/mL (average ¼ 2.7 ± 2.1 × 3.6 ± 0.76 × 10 2 CFU/mL for penicillin-resistant bacteria and 12 ± 8.5 CFU/mL for tetracycline-resistant bacteria.
The average count of penicillin-resistant bacteria in the lotic waters was 5.1 ± 3.8 × 10 3 CFU/mL, which was comparable to that in the lentic waters (3.7 ± 0.58 × 10 2 CFU/ mL). There was no statistically significant difference in the average counts of tetracycline-resistant bacteria between the lotic (20 ± 9.2 CFU/mL) and lentic (25 ± 11 CFU/mL) waters. There was no apparent correlation between the counts of penicillin-resistant and tetracycline-resistant bacteria as the correlation coefficient between them was 0.262. Seasonal variations were observed for penicillinresistant bacteria in the two rivers, as the counts were lowest in April and highest in August, but no clear trend could be observed in lentic waters ( Figure 1 ).
Taxonomic composition of antibiotic resistant bacteria
Based on 16S rRNA gene sequence analysis, the penicillinresistant isolates were assigned to Proteobacteria (94.1% of the total isolates), Bacteroidetes (4.3%), Firmicutes (0.9%) and Actinobacteria (0.7%) ( Figure 2(a) ). Gammaproteobacteria were the majority, comprising 82.2% of the total isolates, which was then followed by Betaproteobacteria (8.2%) and Alphaproteobacteria (3.7%). The tetracyclineresistant isolates were assigned to two phyla, Proteobacteria (80.0%) and Bacteroidetes (20.0%) ( Figure 2(b) ). Gammaproteobacteria were again the majority, comprising 68.2% of the total isolates, which was followed by Betaproteobacteria (10.9%) and Alphaproteobacteria (0.9%).
Aeromonas (47.1%) and Pseudomonas (19.0%) were found as the major penicillin-resistant genera (Figure 2 (c)), and 42 other genera including Acinetobacter (5.7%), Enterobacter (3.0%), Chryseobacterium (2.1%) and Flavobacterium (2.1%) were also found (Table 1) . In contrast, 25 genera including Acinetobacter (11.8%), Chryseobacterium (11.8%), Pseudomonas (10.9%), Klebsiella (10.0%), Serratia (8.2%), Elizebethkingia (7.3%), Escherichia (5.5%) and Providencia (5.5%) were found as the main tetracyclineresistant genera (Figure 2(d) ). Acinetobacter, Aeromonas, 
Chryseobacterium, Enterobacter, Klebsiella, Pseudomonas
and Serratia were commonly occurring genera for both penicillin and tetracycline-resistant isolates.
At the species level, the closest matches, not species identity, were searched and recorded since species assignment was not possible using 16S rRNA gene analysis alone. The strains affiliated to Aeromonas ichthiosmia (10.1%), Aeromonas popoffii (9.6%) and Aeromonas veronii (8.2%) were found as the most abundant penicillin-resistant groups. The strains affiliated to Aeromonas hydrophila (4.3%), Pseudomonas koreensis (4.3%), Aeromonas jandaei (3.2%), Aeromonas media (2.7%) and Aeromonas punctata subsp. caviae (2.7%) were also found as the common penicillin-resistant groups. In contrast, the strains affiliated to
Elizabethkingia anopheles (7.3%), Acinetobacter bouvetii (4.5%), Chryseobacterium indologenes (4.5%), Escherichia coli (4.5%), Klebsiella pneumonia subsp. ozaenae (4.5%),
Serratia marcescens (4.5%), Chryseobacterium joostei (3.6%) and Serratia nematodiphila (3.6%) were found as the most abundant tetracycline-resistant groups.
Antibiotic resistance profile of representative isolates
Selected penicillin-resistant and tetracycline-resistant strains were tested for antibiotic resistance against 12 other antibiotics (Tables 2 and 3 ). Strains within the same genera generally exhibited similar resistance profiles. The penicillin-resistant strains were least resistant to ciprofloxacin and rifampicin as only 4.7% of the tested strains were resistant to each of these antibiotics. The tetracycline-resistant strains were least resistant to ciprofloxacin (6.7%) and gentamycin (13.3%). Both the penicillin-and tetracycline-resistant strains were highly resistant to penicillin, hygromycin and ampicillin and erythromycin. Notably, all tested strains were resistant to penicillin and hygromycin. The penicillin-resistant strains were also resistant to an average of 4.2 additional antibiotics among 12 tested ones, and the tetracycline-resistant strains were also resistant to an average of 5.9 additional antibiotics.
The strains of Alcaligenes, Chryseobacterium and Shigella generally exhibited the broadest multiple antibiotic resistance, which was then followed by Escherichia, Serratia and Pseudomonas for both antibiotic resistant populations. As for individual strains, however, strain AUNP09, a penicillinresistant strain affiliated to Pseudomonas geniculata, and strain JUD01, a penicillin-resistant strain affiliated to Raoultella ornithinolytica, were found as the two broadest multiple antibiotic resistant bacteria, resistant to 10 and nine additional antibiotics, respectively (Table 2 ). In addition, those affiliated to E. coli, Chryseobacterium arthrosphaerae
and Alcaligenes faecalis subsp. faecalis were found to 
AUDP15 Acinetobacter johnsonii À þ À À À À À À ND À À À AUDP13 Acinetobacter junii À þ À À À À À À À À À À AUDP20 Acinetobacter junii À þ À À À À À À À À À À AUDP42 Acinetobacter junii À þ À À À À À À À À À À
Comamonas, Klebsiella, Escherichia and Flavobacterium were found only in river waters in this study (Table 1) .
These observations altogether imply that penicillin resistance is widespread in the river environment. 
Members of
Overall resistance to each antibiotic (%) 18.6 100 14.0 27.9 76.7 27.9 4.7 4.8 73.1 20.9 18.6 32.6 a 1, amikacin; 2, hygromycin; 3, gentamycin; 4, kanamycin; 5, ampicillin; 6, tetracycline; 7, ciprofloxacin; 8, rifampicin; 9, erythromycin; 10, novobiocin; 11, chloramphenicol; 12, trimethoprim. þ, positive; À, negative; (þ), weak; ND, not detected.
A. baumanii, P. aeruginosa, Klebsiella pneumoniae, and species of Enterobacter, but not Enterococcus faecium and
Staphylococcus aureus, were detected.
The intrinsic resistance of pathogenic microbes to antibiotics has been previously studied (Fajardo et al. ;
Alvarez-Ortega et al. ), but not much is known on the AUNT08 Acinetobacter guillouiae The resistance profiles of the two antibiotic resistant populations to other antibiotics were generally similar, but tetracycline-resistant strains exhibited broader multiple antibiotic resistance (Figure 3) Figure 3) . In contrast, most strains were resistant to penicillin and ampicillin, known as cell wall synthesis inhibitors. Antibiotics known to act on translation levels caused varying degrees of resistance. Members of Pseudomonas were found as a prominent antibiotic resistant group for both antibiotics, and thus obviously forming the core freshwater resistome, together with other common genera including Acinetobacter, Aeromonas, Chryseobacterium, Klebsiella and Serratia.
However, variations were found at species level, and no particular species could be identified as the core.
The resistance to multiple antibiotics having different action mechanisms may be intrinsic among some environmental microbes in general. However, the strains exhibiting broad multiple antibiotic resistance were mostly affiliated to species that have been frequently found in association with human or animal sources, and thus the extensive study on the multiple antibiotic resistant strains might provide an insight on the effect of anthropogenic activities to the microbial community in the aquatic environment.
